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Introduction
Aldo-keto reductases (AKRs) comprise a large superfamily of NADPH dependent oxidoreductases known to reduce a wide range of aromatic and aliphatic aldehydes and ketones in a stereospecific manner [1] . Although these reactions can also be catalysed by enzymes from the short-chain dehydrogenase/reductase (SDR) [2] and mediumchain dehydrogenase/reductase (MDR) [3] superfamilies, the AKR enzymes tend to favour aldehyde reduction leading to the formation of alcohols. There is no shortage of potential substrates for the AKR enzymes, as aldehydes and ketones such as sugars and amino acids form key intermediates in cellular metabolic pathways. In addition oxidative stress results in the formation of peroxides and free radicals that damage components of the cell, including proteins, lipids, and DNA. In particular lipid peroxidation results in the consequent formation of the mutagenic aldehydes, malondialdehyde, β-hydroxyacrolein and 4-hydroxynonenal [4] . Microbial toxins, plant phytoallexins or manmade chemicals are yet another source of reactive aldehydes and ketones in the environment that need to be detoxified for cell survival.
AKRs are typically active against a broad range of potential substrates, which makes the task of unravelling the cellular functions of these enzymes all the more difficult. The basic folded structure of the protein, an (β/α) 8 barrel with two additional α-helices H1
and H2, was first demonstrated for the archetypal mammalian AKR, human aldose reductase (AKR1B1) [5, 6] (Figure 1 ). The NADP(H) cofactor is found in an extended conformation, with the nicotinamide ring of the cofactor held in the central cavity of the barrel in close proximity to a catalytic tetrad of residues. Tyr 48 and His 110 residues, together with the nicotinamide ring form an anion hole in which the aldehyde or ketone oxygen binds to permit reduction. The role of Asp 50 and Lys 84 is proposed to facilitate proton donation by decreasing the pKa of the catalytic tyrosine (reviewed in [1] ). The substrate specificity is modulated by amino acid residues at the edge of the active site, particularly those directly before Tyr 48 and after His110. In addition the active site cleft is formed from three loops which have become known as the A, B and C-terminal loops, each of which contribute residues ( Figure 1 ). The early AKR structures described were monomeric, in contrast to the functionally related SDR and MDR superfamilies that form dimers or tetramers. This gave rise to the view that AKRs are a monomeric class of proteins with the odd exception such as the tetrameric AKR6 family of proteins involved in the gating of voltage-sensitive potassium (K v ) channels [7] and dimeric AKR7 family proteins which are notably able to reduce 2-carboxybenzaldehyde [8] .
A systematic nomenclature has been devised to divide individual AKRs into discrete families having >40% amino acid identity and then subfamilies having >60% sequence identity [9] . An AKR superfamily homepage [10] has been established as a database of existing and potential members of this diverse group of proteins, last updated in 2009 [10] . There are 15 families of enzymes, AKR1-AKR15, named in the sequential fashion as they are identified, with subfamilies denoted by a letter and each member having its own unique identifier. The majority of mammalian enzymes belong to the AKR1 family, with AKR6 and AKR7 being specific exceptions. The explosion in sequenced genomes [11] has highlighted the existence of AKR-related open reading frames (ORFs) in all branches of living organisms. There is also considerable sequence diversity of microbial enzymes, many of which have not been included in the AKR nomenclature because there is no data available for endogenous expression or function. A significant number of microbial AKRs have been researched and several are being exploited in biotransformation reactions (reviewed in [12] ).
In this paper we will review the status of nine ORFs encoding putative AKR identified in the genome sequence of Escherichia coli K-12 MG1655 [13] , and discuss their structure and function in the light of recent structural, biochemical and kinetic characterisation (Table 1) . The ORF gene product name will be used (e.g. YdjG) as the main identifier together with the systematic protein name if available (e.g. AKR11B2) and the gene locus ID which is a unique identifier for the E. coli K-12 MG1655 genome (e.g. B1771).
2.
Classification of E.coli AKRs by Quaternary structure
Monomeric AKRs
As might be expected of the nine ORFs encoding AKRs in the E.coli genome, at least three of those characterised have been shown experimentally to be monomeric. The two proteins YqhE (B3012, AKR5C2) and YafB (B0207, AKR3F2) are related as both have been shown to catalyze the reduction of 2,5-diketo-D-gluconate (25DKG) to 2-keto-L-gluconate [14] , an important step in the commercial biosynthesis of ascorbic acid and commonly referred to as DkgA and DkgB respectively. YdjG (B1771, AKR11B2)
has been purified and characterised as a monomeric AKR with activity against methylglyoxal and a requirement for NADH, rather than NADPH as co-factor [15] . Of the other six E.coli AKR ORFs it is likely that a number are also monomeric such as YeaE (B1781), by sequence similarity to YqhE and YafB, however there are no experimental data to confirm this and in some cases misinterpretation of results has led to incorrect assignments as is the case of YgdS described later.
25DKG reductases AKR5C2 (YqhE, B3012) and AKR3F2 (YafB, B0207)
From protein based sequence searches using pBlast program on a database of nonredundant sequences at the National Center for Biotechnology Information (NCBI) [16] , it is clear that the majority of Enterobacteriaceae seem to have both YqhE and YafB related sequences, while other bacterial families do not. It is striking that YqhE sequences are also found in α proteobacteria, high GC gram positive bacteria and firmicutes, while YafB like sequences are found in β and χ proteobacteria ( Figure 2 ).
Looking at individual bacterial species from these groups it becomes clear that most contain two or more 25DKG reductase-like sequences which share significant sequence similarity. However, these sequences are either similar to YafB or YqhE, suggestive of gene duplication events within these bacteria, while enterobacteria must have acquired a second copy by horizontal gene transfer.
YqhE (B3012, DkgA) is a 275 amino acid residue protein (AKR5C2) which shows the highest activity towards a range of aldehydes and ketones of all the E. coli AKRs that have been kinetically characterised [17] . It has also been shown to catalyse the stereoselective reduction of β-keto ester ethyl acetoacetate and other 2-substituted derivatives [18] .
YafB (B0207,DkgB) is a 267 amino acid protein sharing only 39% sequence identity (60% sequence similarity) to YqhE and thus belonging to a different AKR family of which it is member AKR3F2. Despite this, YafB has a similar activity profile to YqhE, having on average ~ 65% lower specific activities on aldehydes and ketones [17] .
Structurally both enzymes are very similar to the first characterised prokaryote AKR, 2,5-diketo-D-gluconic acid reductase from Corynebacterium sp., in complex with NADP+ (PDB: 1A80 ) [19] , which is effectively a YqhE homologue. The apo structure of
YqhE from E. coli has been determined [20] (PDB 1MZR) and more recently an apo structure of a YafB homolog (with 44% amino acid sequence identity) from
Sinorhizobium meliloti 1021(PDB 3UP8) from the New York Structural Genomics
Research Consortium (Figure 3 ). The structures are very similar and can be superimposed with a root mean squared difference (RMSD) of 1.52Å over 262 residues.
The folded structure is characterised by particularly short loops which effectively removes the significant active site cavity generated by loops A and C in aldose reductase (Fig. 1) . The functional implication of a short loop B, which is involved in binding of the co-factor, is a 3-fold less tight binding of cofactor compared with human aldose reductase [19] . The C-terminal loop is a major difference between the two 25DKG reductases, being between 14-17 residues long, contributing in the case of YqhE, Pro 269 and Phe 274 to the active site pocket and Val264, Pro266 and Leu 269 in the case of YafB. The C-terminus has a significant effect on the activity of the Corynebacterium sp. enzyme, deletion of the last eight amino acids via mutagenesis results in a 40-fold decrease in Vmax [19] , which is similar to that seen for a deletion of the C-terminus in aldose reductase [21] . The C-terminus does not affect cofactor binding but rather seems to play a crucial role in substrate orientation within the active site. Therefore the different residues contributed in YqhE and YafB are probably responsible for differences in activity against D-xylose (Table 1) for example [17] .
Both the apo structures when compared the Corynebacterium sp. holo structure show some conformational changes in Loop 1 and the adjacent Loop 8 which are both involved in the binding of the NADP cofactor. In particular the aromatic amino acid residue in Loop 1 that packs against the nicotinamide ring of NADP adopts a conformation which occupies the cleft unoccupied by the cofactor. Both structures however resemble the holo enzyme and not the high resolution Corynebacterium sp apo structure (PDB: 1HW6) where large scale changes and disorder are present in the first 4 loops, the active site and the C-terminus [22] , which in the light of these structures may be considered an artefact of crystallization.
A NADH specific AKR, AKR11B2 (YdjG, B1771)
YdjG (B1771) is a 326 amino acid protein which is a member of the AKR11 family of proteins, member AKR11B2. YdjG related sequences are not widely found in enterobacteria, as other E.coli AKRs, but widely in α proteobacteria, CFB group and firmicutes ( Fig. 2) . It has been characterised as a monomeric AKR [17] , with enzyme active against methylglyoxal and DL-glyceraldehyde but not 4-nitrobenzaldehyde. From comparison of kinetic parameters it would seem to have enzyme activity comparable to YghZ or YeaE for methylglyoxal (Table 1 ) [17] . What is unusual is the specificity of YdjG for NAD(H) as a cofactor, which represents the first example of an AKR which is not able to use NADP(H). The ydjG gene is located in an uncharacterised operon which includes a putative sugar kinase (ydjH), aldolase (ydjI) and a major facilitator superfamily transporter (ydjK) [23] (Figure 4a ). These types of enzyme are consistent with a sugar metabolism pathway (exemplified by rhamnose degradation) with the AKR called upon to reduce the aldehyde produced by the aldolase.
There are a number of related AKR11 family structures determined, the two most similar in sequence to YdjG are from Bacillus subtilis, YhdN, AKR11B1 (PDB: 1PZ1) which shares 39% sequence identity (59% similarity), a conventional AKR with significant activity against a range of aldehydes and ketones [24] , and IolS, AKR11A1 (PDB: 1PZ0), 31% sequence identity (54% similarity) which has limited activity against erythrose and D/L glyceraldehyde and methyl glyoxal (which also irreversibly inactivated the enzyme) [24] . Both enzymes use NADPH as a cofactor and have a similar fold, but while AKR11B1 has a regular 19 residue C-terminal loop which contributes to the active site, AKR11A1 has a short 3 residue loop which does not. Based on the AKR11B1 structure (1PZ1) we can see that the fold of YdjG would have notably a long 15 residue loop 1, an unusually long loop 3 (24 residues, only 14 residue shown in Fig. 4b ), a long Loop B (~32 residues) and effectively no C-terminal loop (Fig. 4b ). It seems likely that the β-hairpin like structure of loop 3 is extended as is seen partially in the glycerol dehydrogenase AKR11B4 structure from Gluconobacter oxydans (PDB: 3N2T) [25] .
Given the limited kinetic characterisation of YdjG it is not really possible to assess the presumed absence of a C-terminal loop contributing to the active site. The highly unusual preference for NAD(H) over NADP(H) of YdjG is readily explained in relation to the mutation of Asp 232 to Ala which is then able to use both co-factors [15] . This residue is in loop B, far from the 2' phosphate position where it would need to act. What is clearly more important is the role of positively charged residues to bind the phosphate group, which are contributed by loop 8 and loop B in both B. subtilis and the G. oxydans structures but are absent in the YdjG sequence. There are two critical residues, namely Thr228 and Thr293 in the YdjG sequence which are either lysine or arginine in the sequence of proteins that should bind NADP(H). Looking specifically for these residues in homologous sequences to YdjG shows that there is a fairly even distribution of sequences, suggesting that both NAD(H) and NADP(H) specific AKRs are found in this group.
A Dimeric AKR, YgdS (B2834, TAS protein)
The ygdS gene was identified by its ability to permit slow growth of the tyrosine auxotroph strain E. coli WU3610 under tyrosine starvation conditions [26] , and is referred to tas (tyrosine auxotrophy suppressor). In a significant number of experiments it was clear that ygdS was not the target of mutation under tyrosine starvation nor was it able to complement a related phenylalanine auxotroph strain. When ygdS was cloned into a lower-copy-number vector and introduced into E.coli WU3610, it allowed a faster growth on minimal media plates lacking tyrosine. It is therefore likely, that ygdS directly substitutes for the prephenate dehydrogenase activity which is absent in the Tyr − auxotroph strain [26] .
YgdS (B2834) is a 346 amino acid residue protein and based on a blast search of nonredundant sequences, YgdS related sequences are found widely in enterobacteria, β and χ proteobacteria, CFB group, cyanobacteria, and to a lesser extent in green algae and some plants. The problem of whether an amino acid sequence was similar or not was based on the conservation of sequence flanking the active site residues and the length of the loop sequences.
The crystal structure of E. coli YgdS has been reported in complex with NADP(H) (PDB:
1LQA) at 1.6Å resolution, to assist with the functional assignment of the protein [27] .
However, analysis of the crystal structure and X-ray data shows that this AKR is dimeric a fact ignored in the structure report [27] , and contrary to the monomeric assignment by the authors in the PDB entry. Refinement and correction of the structure using the In forming a stable dimer, YgdS buries 1716 Å 2 of solvent accessible surface area, ~12% of the total solvent exposed surface of the protein (calculated using the program PISA [28] ). This is the third reported class of dimeric AKR, after rat aflatoxin reductase, AKR7A1 [8] and Candida tenui xylose reductase, AKR2B5 [29] . The YgdS dimer formed is structurally most similar to that of AKR7A1 with a rather slender interface (~20Å x ~35Å) involving almost exclusively helices α5 and α6 with 8 hydrogen bonds and a salt bridge per subunit. However in the Tas protein a long loop (22 residues) between strand β4 and helix α4 is also involved, forming a sequence-conserved intermolecular salt bridge interaction between the invariant residues Arg 136 and Glu 226. The dimer interface helps stabilize this loop which contributes Phe 141 to the active site of the enzyme. Unfortunately, at present there is no experimental evidence of AKR activity for this protein although the catalytic tetrad is present and the active site is sufficiently large to accommodate a range of aldehydes and ketones.
A Trimeric AKR, YdhF (B1647)
YdhF is a 298 amino acid protein which, based on sequence comparison, is found widely in enterobacteria, α and χ proteobacteria, CFB group bacteria and firmicutes (Fig. 2. ). This hypothetical AKR has been a successful target for a Marseille-based structural genomics consortium [30] . The structures of both the apo (PDB 1UR3) and holo (PDB 1OG6) with NADP+ enzymes has been determined to 2.57Å and 2.8Å resolution respectively. The active site catalytic tetrad is present with a defined anion hole for the binding of an aldehyde or ketone. Unfortunately there are no kinetic data available to confirm that it is a functioning aldo/keto reductase or to provide some insight into the substrate specificity of this enzyme. Analysis of the protein monomer reveals a standard AKR fold with a long loop 3 (16 residues) and a short Loop B (~20 residues) and C-terminal loop (5 residues) which points away from the active site of the monomer. What makes this AKR structure unique is that it is the first reported trimeric AKR, the C-terminus of one monomer contributing to the active site of a neighbouring monomer (Figure 6 .). Analysis of the interface using the program PISA [28] [31, 32] . A 6Å radius channel at the centre of the trimer is slightly larger than the ~4Å radius channel found in the AKR6A2 (PDB: 1EXB). Against this hypothesis, no binding partners have been identified from two separate pull-down experiments using histagged protein [33, 34] . Also the presence of well defined active site architecture as found in other AKRs, suggests a broad range of substrates which would not be consistent with YdhF playing a role in the gating of a potential protein channel.
An Octameric AKR, AKR14A1 (YghZ, B3001)
Based on sequence similarity, YghZ-like ORFs are found in enterobacteria, α, β and χ proteobacteria and high GC content gram positive bacteria and form a distinct grouping of AKRs together with YajO (Fig. 2.) . YghZ is a 346 amino acid protein first cloned and characterised due to its sequence similarity to the unusual mammalian AKR6 and AKR7 family enzymes [35] . The enzyme was shown to be active against a range of substrates but with highest activity against methylglyoxal and diketones such as isatin. Over expression of the recombinant gene in E. coli leads to increased resistance to methylglyoxal [35] . Ko and co workers [17] independently showed that while YafB, YqhE and YeaE have higher specific activities for methylglyoxal than YghZ (Table 1) . However a ∆yghZ and ∆gloA (glyoxylase A) double mutant leads to reduced cell viability in response to methylglyoxal. More recently, over expression of yghZ has been shown to complement ( sluggish growth) for tpiA -(triosephosphate isomerase deficient) strain of E. coli which is unable to produce dihydroxyacetone phosphate (DHAP) during growth on M9 minimal medium containing L-lactate [36] . The authors show that YghZ is able to selectively reduce L-glyceraldehyde 3-phosphate (L-GAP) to glycerol 3-phosphate (L-G3P), an activity identified previously by Tropp and coworkers [37] . The product L-G3P can be oxidised by glycerol 3-phosphate dehydrogenase to DHAP which is the route glycerol is metabolised. However, there is no known enzymatic route to L-GAP which is toxic to E.coli cells [38] ,and the accumulated metabolite D-glyceraldehyde 3-phosphate will chemically break down to methylglyoxal and phosphate via a beta elimination [39] .
Recently the crystal structure of the apo form of YghZ has been solved [40] (PDB:
3N6Q ) and the apo and tertiary complex (NADP+ and citrate) by our own group (PDB:
4AST and 4AUB) at 2.38Å and 2.05Å resolution respectively. As might be expected from sequence similarity, YghZ is structurally most similar to AKR6 family of proteins.
Analysis of the protein monomer reveals a standard AKR fold with an unusual 12 residue N-terminus loop preceding the β-hairpin that starts almost all AKR structures, a long loop 3 (13 residues) and a long loop B (~38 residues) and in contrast to AKR6
proteins a normal length C-terminus (13 residues) which loops into the active site of the monomer ( Figure 7 ).
YghZ forms a structurally equivalent tetramer to the AKR6 family, the monomers are arranged end-to-side, in which the N-terminal β stands and the β-hairpin at the bottom of the α/β barrel of one monomer packed against the α-helices α3 and α4 and Loop 3 of an adjacent monomer. Between two monomers the interface involves 12 hydrogen bonds and two salt bridges which buries ~1800 Å 2 of solvent accessible surface area of each monomer. The octamer (Fig. 7) is formed by a much smaller interface involving the first four residues of the novel N-terminus and residues from loops 1 and 2 burying only ~600 Å 2 of solvent accessible surface area of each monomer. Although 600 Å 2 is quite small for a stable interface, we have confirmed by gel filtration and electron microscopy that an octamer is formed.
Structurally uncharacterised E.coli AKRs
Where an E.coli AKR structure has not been determined, a suitably homologous structure has been available, as in the case of both YafB and YdjG. It is clear in the cases of YajO, YdbC and YeaE that they belong to different families of AKR than those characterised so far and therefore cannot be described as the previous six E. coli AKRs.
Modelling can give some basic insight into the kind of structure that we might expect and two out of the remaining three AKRs have been kinetically characterised.
YeaE (B1781)
YeaE (B1781) is a 284 amino acid protein with sequence similarity to ORFs from enterobacteria, α-, β-and χ proteobacteria and firmicutes. The gene has been over expressed and the protein characterised as having significant activity against 3-and 4-nitrobenzaldehyde, and the oxaldehydes, methylgloxal and phenylglyoxal with NADPH as a cofactor [17] . Growth of a yeaE and glyoxylase A (gloA) double mutant is inhibited by 0.3 mM methylglyoxal. Despite sharing ~30 sequence identity (50% similarity) to YqhE or YafB, the protein has no appreciable activity against 25DKG or sugars other than weak activity for D/L glyceraldehyde [17] . The structure of YeaE is predicted to be similar to YqhE and YafB, with short loops 1-4, a short loop B and a 13 residue Cterminal loop. The C-terminus is not sequence similar to any other AKR structures but based on the amino acid sequence conservation amongst YeaE related sequences it is likely that Leu 281 is the residue contributed to the active site.
YajO (B0419)
YajO (B0419) has high sequence homology to ORFs found in a wide range of bacteria from enterobacteria, various proteobacteria groups, high GC gram positive bacteria to cyanobacteria (Fig. 2) . The 324 amino acid protein has been shown to be NADPH dependent with rather low enzyme activity against a range of aldehydes and ketones [17] , notably only marginal activity against methyglyoxal. However of the AKRs tested YajO shows high activity against 2-carboxy benzaldehyde, which was not a substrate for the other 4 AKRs in that study. This is a property shared with the mammalian AKR7 family of proteins [41] , which have a carboxylate binding pocket within the active site [8] to permit the reduction of acid aldehydes such as succinic semialdehyde. Structurally, YajO is most similar to AKR14A1 (YghZ) and AKR11
proteins with long loop 1 and 3, a long loop B and a C-terminal loop that contributes to the active site. It is peculiar in having a very long loop 1 (~19 residues), which must adopt a slightly larger loop structure similar to that seen in AKR11 proteins (figure 4b).
The aggregation state of the protein has not been characterised and in terms of sequence is in a grey area between monomeric AKR11 family proteins and tetrameric AKR6 like proteins.
YdbC (B1406)
YdbC (B1406) is a 286 amino acid protein annotated as an AKR based on sequence homology alone and has not been kinetically characterised to date. Related sequences are found in a wide range of bacteria from enterobacteria, α-β-and χ proteobacteria and high GC gram positive bacteria. Of all the AKRs described the ∆ydbC knockout is the only one which has an observed phenotype, in that it is not able to respire when grown on acetate [42] . Structurally, YdbC shows some similarity to AKR11 proteins with a long loop 1 and 3, however it has a short loop B as is seen in the 25DKG reductases and no significant C-terminal loop. From modelling [43] , It would seem the protein has retained all the necessary residues to bind co-factor, which is probably NADPH although the 2' phosphate recognition is not entirely standard. However, it seems that the protein would lack an active site histidine which would be replaced with an arginine.
It is interesting that the histidine should be missing from the catalytic tetrad as this is replaced by Asn in the AKR6 family and Glu in the AKR1D family. Both these unusual classes of AKR have been shown to be active; AKR6 proteins turn over a limited range of substrates and regulate inactivation and membrane localization of Kv1 and Kv4 channels [44] , while AKR1D are ∆ 4 -3-ketosteroid-5β-reductases which perform the selective reduction of the steroid 4-5 double bond instead of the standard ketone reduction [45] . Therefore YdbC is a rather intriguing AKR which may be inactive or alternatively perform a different chemical reaction.
Conclusions
The The AKR superfamily has been shown to require NADP(H) over NAD(H) as co-factor, with dual specificity relatively rare (reviewed in [15] ). A triple mutant of 25DKG reductase from Corynebacterium sp. engineered to have activity with NAD still retains significant activity with NADP [46] . Therefore it is surprising to find one E.coli AKR, YgdS is specific for NAD(H) [15] a first for the AKR superfamily. The specificity of the enzyme could be altered by site-specific mutation of a residue in loop B, confirming its importance in cofactor binding [15] .
The function within the organism of the nine E.coli AKRs is far from clear (Table 1. ).
The genes have been systematically knocked out as part of larger systematic studies [42, 47] , none are essential, and only ∆ydbC displaying a discernable phenotype [29] .
The difficulty of this approach is illustrated in Saccharomyces cerevisiae, where only a particular triple knockout of AKR genes, resulted in a glucose-dependent heat shock phenotype which could be rescued by expression of human aldose reductase [48] .
Similarly it was necessary to use a glyoxylase-deficient strain to show the relative sensitivity of E.coli AKR knockouts to methylglyoxal [17] . Only two genes, yghZ and ygdS have been identified under specific growth conditions as complementing for tpiA -and tyrA14(oc) mutants of E. coli respectively [26, 36] . In neither case is the mechanism by which they complement the deficiency satisfactorily resolved. So rather like the assignment of a number of AKRs as methylglyoxal reductases and 25DKG reductases from a given enzyme activity (not always the highest), the precise function(s) of these genes remains unresolved.
Overall the the study of E. coli AKRs extends our understanding of the diversity in form and aggregation state which is possible based around the core AKR fold.
However, where we have highly unusual structural information, namely in the cases of YdhF and YgdS we have no kinetic data available. Equally, where we have an AKR with a defined phenotype and an unusual sequence (YdbC), no characterisation has been carried out to date. Clearly there is scope to fill these gaps in our understanding and hopefully better understand the functions performed by these diverse AKRs. His 110. This and subsequent figures were generated using PyMol. B) A Topology diagram of AKR1B1 generated using TOPS [49] showing the main secondary structure elements of the AKR fold and highlighting the naming and colour scheme of the loop structures. The phylogenetic tree was constructed using COBALT [30] using sequences from the NCBI Blast server. 
